Bacillus anthracis possesses two paralogs of the transcriptional regulator, Spx. SpxA1 and SpxA2 interact with RNA polymerase (RNAP) to activate the transcription of genes implicated in the prevention and alleviation of oxidative protein damage. The spxA2 gene is highly upregulated in infected macrophages, but how this is achieved is unknown. Previous studies have shown that the spxA2 gene was under negative control by the Rrf2 family repressor protein, SaiR, whose activity is sensitive to oxidative stress. These studies also suggested that spxA2 was under positive autoregulation. In the present study, we show by in vivo and in vitro analyses that spxA2 is under direct autoregulation but is also dependent on the SpxA1 paralogous protein. The deletion of either spxA1 or spxA2 reduced the diamide-inducible expression of an spxA2-lacZ construct. In vitro transcription reactions using purified B. anthracis RNAP showed that SpxA1 and SpxA2 protein stimulates transcription from a DNA fragment containing the spxA2 promoter. Ectopically positioned spxA2-lacZ fusion requires both SpxA1 and SpxA2 for expression, but the requirement for SpxA1 is partially overcome when saiR is deleted. Electrophoretic mobility shift assays showed that SpxA1 and SpxA2 enhance the affinity of RNAP for spxA2 promoter DNA and that this activity is sensitive to reductant. We hypothesize that the previously observed upregulation of spxA2 in the oxidative environment of the macrophage is at least partly due to SpxA1-mediated SaiR repressor inactivation and the positive autoregulation of spxA2 transcription. T ranscription factors of pathogenic bacteria can be important virulence determinants, since they control genes that specify toxins, proteins functioning in nutrient acquisition within the hostile host environment, and products that operate by subverting the host innate immunity (1-4). For example, in Bacillus anthracis, the causative agent of the zoonotic infectious disease, anthrax, the plasmid-borne atxA gene encodes a transcription factor required for virulence, since it is necessary for the activation of genes for toxin and protective capsule production (5, 6). Other Grampositive bacteria possess genes encoding one or more forms of the ArsC (arsenate reductase) family protein, Spx, which is an RNA polymerase (RNAP)-binding protein directing the expression of large regulons that include genes necessary for pathogenesis (7-11). Studies of streptococci, Listeria monocytogenes, Staphylococcus aureus, and Enterococcus spp. have demonstrated the requirement for Spx proteins for virulence and viability (7, 8, (12) (13) (14) (15) .
T ranscription factors of pathogenic bacteria can be important virulence determinants, since they control genes that specify toxins, proteins functioning in nutrient acquisition within the hostile host environment, and products that operate by subverting the host innate immunity (1) (2) (3) (4) . For example, in Bacillus anthracis, the causative agent of the zoonotic infectious disease, anthrax, the plasmid-borne atxA gene encodes a transcription factor required for virulence, since it is necessary for the activation of genes for toxin and protective capsule production (5, 6) . Other Grampositive bacteria possess genes encoding one or more forms of the ArsC (arsenate reductase) family protein, Spx, which is an RNA polymerase (RNAP)-binding protein directing the expression of large regulons that include genes necessary for pathogenesis (7) (8) (9) (10) (11) . Studies of streptococci, Listeria monocytogenes, Staphylococcus aureus, and Enterococcus spp. have demonstrated the requirement for Spx proteins for virulence and viability (7, 8, (12) (13) (14) (15) .
Spx was detected in studies of B. subtilis, in which it is encoded by a gene that is under complex transcriptional control involving four RNAP forms and two repressors (16) (17) (18) (19) . The complex control of spx transcription operates in response to various stress conditions, such as oxidative and cell envelope stress. Spx protein levels increase under conditions causing oxidative proteotoxic stress (20) by the inactivation of the YjbH protein (21) (22) (23) , which interacts with Spx and mediates ClpXP-catalyzed proteolysis under unperturbed growth conditions. ClpXP catalyzed proteolysis likely controls the level of Spx in streptococcal species (24) , although the YjbH protein is absent.
Spx in high concentrations causes the repression of many genes that require a transcriptional activator for expression (25) . This is accomplished, at least in part, by interaction of Spx with the ␣ subunit of RNAP (26) , which competes for interaction of RNAP with other transcription factors. Spx is also under redox control, since it bears an N-terminal CXXC thiol/disulfide switch, rendering Spx a sensor of oxidizing conditions (27) . Thus, Spx in its oxidized form productively interacts with RNAP to activate the transcription of Spx-controlled genes. The oxidized Spx/RNAP complex formed under stress initiates transcription from the pro-moters of genes whose products function to prevent or alleviate oxidative proteotoxic stress (20) . These include genes encoding thioredoxin, thioredoxin reductase, methionine sulfoxide reductase, the biosynthetic pathway of the low-molecular-weight biothiol, bacillithiol, and the biosynthesis of cysteine (20, (27) (28) (29) (30) (31) (32) . It is believed that Spx-dependent regulation of the oxidative stress response is at the heart of its vital role in bacterial virulence (7, 8, 12, 13, (33) (34) (35) (36) .
The Spx protein seems devoid of intrinsic DNA-binding properties. However, mutational analysis of Spx-controlled promoter DNA and nucleotide-specific protein-DNA cross-linking provided evidence that RNAP-bound Spx contacts a conserved cisacting element in B. subtilis (10, 30, 31, 37) . The Spx-targeted cis-acting site, AGCA centered around position Ϫ44 upstream of the transcription start site, was detected in genome-wide chromatin immunoprecipitation studies (10) . However, not all Spx-activated genes possess the putative Spx response, AGCA element. The interaction with promoter DNA requires Spx in complex with RNAP, the formation of which involves contact between Spx and the C-terminal domain of the RNAP ␣ subunit (␣CTD) (25, 38, 39) . Common structural determinants for Spx-␣CTD interaction have been uncovered in B. subtilis and in Streptococcus mutans (9, 36, 38, 39) .
As with several Gram-positive species, B. anthracis produces two paralogous forms of Spx, SpxA1 and SpxA2 (40) . SpxA1 resembles Spx of B. subtilis, both in terms of the primary structure and in terms of the genetic context specifying its expression, although spxA1 transcript levels do not increase in response to oxidative stress. spxA2 is the first gene of a four-gene operon that includes saiR (suppressor of spxA1), encoding a repressor of spxA2 transcription (41) . Earlier transcriptomic microarray data indicate that SpxA1 and SpxA2 govern overlapping regulons, many of which are orthologous genes corresponding to those activated by B. subtilis Spx (40) . However, some differences in regulon composition were noted, suggesting distinct promoter sequence recognition properties. The concentration of both SpxA1 and SpxA2 increase upon encounters with toxic oxidants (40) , likely due in part to downregulation of YjbH/ClpXP proteolysis, the orthologous components of which are encoded in the B. anthracis genome.
Analysis of the B. anthracis transcriptome revealed that spxA2 is among the most highly induced genes in the infected macrophage (42) , which suggests a role for the Spx regulon in B. anthracis pathogenesis. Treatment with the thiol-specific oxidant, diamide, results in elevated spxA2 transcript levels (40) . Earlier work showed that derepression of spxA2 in response to stress required the spxA2 gene product, suggesting a mechanism of positive autoregulation (41) . Here, we present evidence from in vivo and in vitro experiments that SpxA1 and SpxA2 directly activate transcription from the spxA2 promoter but might do so through different promoter sequence recognition properties. The requirement for SpxA1 is partially relieved when the SaiR repressor is absent, suggesting that part of the role of SpxA1 is to mediate the inactivation of SaiR. SpxA1 and SpxA2 enhance the affinity of RNAP for spxA2 promoter DNA, but this interaction is sensitive to the presence of reductant, suggesting redox control plays a role in the regulation of SpxA1 and SpxA2 activity in B. anthracis.
MATERIALS AND METHODS
Strain construction and growth conditions. The bacterial strains and plasmids examined in this study are listed in Tables S1 and S2 in the supplemental material. The B. anthracis Sterne strains used in this study are derivatives of 7702 (pXO1 ϩ pXO2 Ϫ ) (43) . The B. subtilis strains used in this study are derivatives of JH642 (trpC2 pheA1). Strains were grown in lysogeny broth (LB) medium or 2ϫYT (44) at 37°C, 200 rpm. Escherichia coli DH5␣ or Top10 cells were used for plasmid construction and were grown at 37°C in 2ϫYT liquid or on LB solid medium containing 1.2% agar (Difco/BD Biosciences, San Jose, CA). Appropriate antibiotics were added as follows: B. subtilis, 75 g/ml spectinomycin and 1 g/ml erythromycin-25 g/ml lincomycin; B. anthracis, 100 g/ml streptomycin and 100 g/ml spectinomycin; and E. coli, 100 g/ml ampicillin.
Construction of B. anthracis rpoC-His 10 strain. Primers oSB39 and oSB40 (see Table S3 in the supplemental material) were used to generate 5= and 3= fragments, followed by overlap-fusion PCR. The fusion product was sequentially digested with KpnI and SalI, ligated into gene replacement plasmid pRP1028 (45) to generate pSB8 (see Table S2 in the supplemental material), which was propagated in E. coli DH5␣. Plasmid containing the correct insert served as a donor to B. anthracis Sterne 7702 for markerless allelic exchange as previously described (46) . Briefly, E. coli DH5␣ cells bearing pSB8 and B. anthracis 7702 cells were mixed with SCS110 cells carrying conjugative helper plasmid pSS1827 and patched on brain heart infusion (BHI) agar, followed by incubation for 24 h at room temperature. Mate patches were streaked onto BHI plus 250 g/ml spectinomycin and 60 U/ml polymyxin, and pink merodiploid Bacillus colonies were isolated and saved. Merodiploids were patched with SCS110/ pSS4332, along with DH5␣/pSS1827, onto BHI agar prior to streaking on BHI plus 20 g/ml kanamycin and 60 U/ml polymyxin, from which single colonies were isolated. DNA from spectinomycin-sensitive colonies was used as a template for insert confirmation by PCR. A strain bearing the correct sequence for rpoC-His 10 was cured of pSS4332 by plating and screening for kanamycin and spectinomycin sensitivity. The final strain, ORB8216, was used for RNAP purification.
Promoter-lacZ strain construction and ␤-galactosidase assay. To create spxA2-lacZ fusions for use in B. anthracis, ICEBs1-mediated conjugation was utilized. Vector plasmid pSB24 was constructed by first amplifying the =spoVG=lacZ promoterless fragment using the primers oSB86 and oSB87 (see Table S3 in the supplemental material) and pDG793 (47) as the template. The fragment was cleaved with EcoRI and HindIII and inserted by ligation into pJMA402 (40) that was cleaved with the same enzymes. The resulting pSB24 plasmid was cleaved with EcoRI and PstI and ligated with EcoRI/PstI cleaved PCR fragments of the spxA2 promoter region that were amplified using the primer oSB97 and several primers listed in Table S3 in the supplemental material. The resulting PCR fragments contained various lengths of DNA upstream of the spxA2 core promoter. The plasmids bearing the spxA2-lacZ transcriptional fusions were propagated in E. coli DH5␣, purified, and used to transform B. subtilis JH642 competent cells. The plasmid recombined with the right end of the resident ICEBs1. The strains were used to introduce the spxA2-lacZ fusions into streptomycin-resistant derivatives of B. anthracis strain 7702 by ICEBs1-mediated conjugation using a previously described procedure (40, 48) . To study deletion mutant spxA2-lacZ fusions in B. subtilis, amplified promoter regions, generated by the primers listed in Table S3 in the supplemental material, were digested with EcoRI and BamHI (5= bluntend incorporation instead of the EcoRI site for constructs containing point mutations [see Table S3 in the supplemental material]), ligated with pDG793 harboring the lacZ reporter, (47) , and propagated by transformation of competent DH5␣ or Top10 E. coli cells. Plasmids containing the correct insert were introduced by transformation into ORB3834 (B. subtilis JH642 ⌬spx::neo) with selection for erythromycin resistance and screening for thrC disruption (threonine auxotrophy). The resulting strains were transformed with pMMN818 [P spank(hy) -spxA1 DD ] or pMMN819 [P spank(hy) -spxA2 DD ] (see Table S2 in the supplemental material) to obtain the final strains [e.g., B. subtilis ORB3834 (⌬spx::neo) P spxA2(Ϫ61/ϩ31) -lacZ (Erm) amyE::P spank(hy) -spxA1DD (Spec)] used in ␤-galactosidase assays. Strains bearing various promoter constructs (see Table S1 in the supplemental material) fused to a lacZ reporter were grown at 37°C and 200 rpm overnight in LB medium supplemented with appropriate antibiotics. A 1/100 dilution of overnight culture was applied to LB cultures lacking antibiotics, which were grown to mid-exponential phase (optical density at 600 nm [OD 600 ] of 0.2 to 0.6). IPTG (isopropyl-␤-D-thiogalactopyranoside) to 1 mM was added to the cultures, and 1-ml culture samples were collected and extracted for ␤-galactosidase activity. B. anthracis cultures were grown in LB or 2ϫYT medium, and 1-ml culture samples were extracted for evaluation of the ␤-galactosidase activity. Assays of the ␤-galactosidase in LB cultures were performed as previously described (49) ; the activity was calculated in Miller units (50) .
Culture preparation, RNA extraction, and RT-qPCR. Diamide-treated cultures of B. anthracis Sterne 7702 SR1 (41) and deletion derivatives, ⌬spxA1 and ⌬spxA2, each harboring either ICEBs1::PspxA2 (Ϫ247/ϩ268) -lacZ or ICEBs1::PspxA2 (Ϫ49/ϩ268) -lacZ (see Table S1 in the supplemental material), were grown in 40 ml LB at 37°C, 200 rpm until mid-exponential phase (OD 600 of 0.2 to 0.4) and split into two equal volumes. Freshly prepared diamide (0.25 mM diamide; Sigma-Aldrich, St. Louis, MO) was added to one set of cultures and, after incubation for an additional 10 min, the cells were harvested by centrifugation (5,180 ϫ g, 4°C, 10 min), and the cell pellets were frozen at Ϫ80°C until use. RNA was purified as previously described (51) . The resulting RNA concentrations were measured by UV spectrophotometry. The RNA quality was assessed by measuring the ratio of the absorbance at 260 nm to the absorbance at 280 nm, as well as by visualization in agarose gels. cDNA was prepared from each RNA sample using random primers and Invitrogen SuperScript III RT (Life Technologies) in accordance with the manufacturer's protocol. Triple technical replicates were performed for each quantitative real-time PCR (RT-qPCR) assay, from three independently isolated RNA samples, in a 96-well plate using an ABI Prism Step-One Plus with Step-One Plus (Life Technologies) software version 2.0 sequence detection system. The annealing temperature was 58°C, and extension was performed at 72°C for 1 min for 40 cycles. The primer sequences (see Table S3 in the supplemental material) were designed to specifically amplify within the lacZ gene. The amplification efficiencies were roughly equivalent across all primer sets (E% ϭ 80 to 110). Control reactions (cDNA reactions lacking RT) were performed to verify that no genomic DNA contamination was present (that is, the threshold cycle [C T ] for detection in the control without RT was above 35). Normalization of C T values was done relative to the signal obtained from reactions amplifying a portion of the rpoB transcript (41) . Transcripts (arbitrary units [AU]) were directly reported for RT-qPCR assays of diamide-treated cultures after normalization to the rpoB endogenous control.
In vitro transcription. In vitro transcription was carried out using the promoter truncation constructs indicated in Fig. 4 and 6 as the templates. Promoter fragments were PCR amplified from B. anthracis Sterne 7702 genomic DNA using KOD DNA polymerase (Takeda) according to the manufacturer's specifications and purified using a Qiagen PCR cleanup kit. The expected transcript size was 174 bases. A reaction mixture (20 l total) contained 40 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 , 5% glycerol, 0.1 mM EDTA, 1 mM dithiothreitol (DTT), 0.1 mg ml Ϫ1 bovine serum albumin (BSA), template DNA, RNAP, and SpxA1 or SpxA2-His (at the concentrations indicated in the figure legends). B. anthracis His-tagged RNAP and either SpxA1 or SpxA2 were incubated at 37°C for 10 min, template was added, and transcription was initiated by the addition of GTP, CTP, and ATP (20 M each), UTP (1 M), and 5 Ci of [␣-32 P]UTP. The reaction was stopped after 5 or 10 min and precipitated with ethanol, and the products were resolved on a prerun 6% polyacrylamide-urea gel in Tris-borate-EDTA buffer (52) .
Purification of SpxA1. SpxA1-Intein was overexpressed in E. coli BL21(DE3)plyS cells from plasmid pCB76 (pTYB4::spxA1), which was constructed by conventional methods using oA1inf and oA1inr primers (see Table S3 in the supplemental material) containing added NcoI and SmaI restriction sites. A 2-liter culture was grown in LB broth containing 100 g of ampicillin per ml at 37°C and 200 rpm to an OD 620 of ϳ0.4 and induced by the addition of 0.5 mM IPTG. After further incubation for 5 h at 30°C, the cells were collected by centrifugation for 20 min (5,180 ϫ g, 4°C, 20 min) and stored at Ϫ80°C until use. Intein-tagged SpxA1 was purified from the cell pellets as previously described (27) . The eluate was pooled and passed through a 30-kDa Centricon concentrator. The flowthrough was collected and further added to a 10-kDa Centricon to concentrate (ϳ50-fold) and to exchange the buffer to storage buffer (27) . The final solution containing 3.6 mg of untagged SpxA1, as determined by the DC protein assay (Bio-Rad) with BSA as the standard, at Ͼ95% purity based on Coomassie blue-stained SDS-PAGE was aliquoted and stored at Ϫ80°C.
Purification of SpxA2-(C)-His 6 . SpxA2-(C)-His 6 (having a C-terminal His 6 affinity tag) was overexpressed in E. coli BL21(DE3)plysS cells from plasmid pSB27 (pET23a::spxA2), which was constructed by conventional methods using a spxA2 DNA fragment amplified by PCR using oSB37 and oSB38 primers containing added NdeI and XhoI restriction sites. A 2-liter culture was grown in LB broth containing 100 g of ampicillin per ml at 37°C and 200 rpm to an OD 620 of ϳ0.4 and induced by the addition of 1 mM IPTG for 4 h. The cells were collected by centrifugation for 20 min (5,180 ϫ g, 4°C, 10 min) and stored at Ϫ80°C until use. Cell pellets were thawed on ice and resuspended in 20 mM Tris-HCl (pH 8.0) plus protease inhibitor (52) and disrupted by passage through a French pressure cell three times. Cell debris was removed by centrifugation for 30 min (15,000 rpm [Sorvall]; 4°C), and the supernatant was discarded. The pellet was resuspended in 10 ml of isolation buffer (2 M urea, 20 mM Tris-HCl, 0.5 M NaCl, 2% Triton X-100 [pH 8.0]) and centrifuged again as before. This washing step was repeated three times. The pellet was completely resuspended in 10 ml binding buffer (20 mM Tris-HCl, 0.5 M NaCl, 5 mM imidazole, 1 mM ␤-mercaptoethanol [pH 8.0]) with 6 M guanidine-HCl and allowed to incubate overnight at room temperature. After incubation, the resuspension was filtered through a 5 M Whatman filter (Pall Scientific) and applied to a preequilibrated Ni-NTA column. After a 1-h incubation with gentle agitation, the column was washed sequentially with binding buffer plus a step-down gradient of guanidineHCl (5, 4, 3, 2, and 1 M), 3 column volumes for each wash. The resin was further washed with binding buffer lacking guanidine-HCl. SpxA2-(C)-His 6 was eluted with 500 mM imidazole in binding buffer. Eluted fractions containing highly purified SpxA2-(C)-His 6 were detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) after trichloroacetic acid precipitation. Fractions were pooled, concentrated 5-fold using a 15-ml Centricon filter (10-kDa cutoff; Amicon), and dialyzed against storage buffer (10 mM Tris-HCl, 100 mM KCl, 5% glycerol [pH 8.0]). The final solution containing 3.5 mg of SpxA2-(C)-His 6 , as determined by a DC protein assay (Bio-Rad) with BSA as the standard at Ͼ99% purity based on Coomassie blue-stained SDS-PAGE was aliquoted and stored at Ϫ80°C. The B. anthracis Sterne 7702 SR1 ⌬spxA1 ⌬spxA2 strain harboring ICEBs1::P spank(hy) -spxA2-(C)-His 6 was used in phenotype testing on LB agar unsupplemented or supplemented with diamide to a final concentration of 100 mol/liter for verifying the in vivo activity of SpxA2-(C)-His 6 . Induction of spxA2-(C)-His 6 was able to rescue growth of the B. anthracis Sterne 7702 SR1 ⌬spxA1 ⌬spxA2 strain.
Purification of B. anthracis RNAP. RNAP was prepared from B. anthracis Sterne strain ORB8216 (rpoC-His 6 ) using a protocol similar to a previously reported procedure (52) . The ␤= subunit of B. anthracis RNAP in ORB8216 bears a His 6 affinity tag at the C terminus. Cultures of ORB8216 were grown at 37°C overnight in 2ϫYT and 5 ml were used to inoculate 1 liter of 2ϫYT (4 to 5 liters total). The 1-liter cultures were grown at 37°C with shaking until reaching an OD 600 of 1.0. Cells were collected by centrifugation using a ST-H760 rotor in a Sorvall Super T21 Hi-Speed centrifuge at 4,200 rpm for 15 min. The cells were suspended in 30 ml of 1ϫ T-base buffer (53) . The cells were pelleted by centrifugation at 6,000 rpm for 10 min in a SL-50T rotor and a Sorvall Super T21 centrifuge. The pellets were frozen at Ϫ80°C until RNAP purification. Cells were suspended in 15 ml/liter culture of 50 mM Tris-HCl (pH 7.8), 100 mM NaCl, 5 mM MgCl 2 , 20% glycerol, and 5 mM ␤-mercaptoethanol. Cells were lysed by three passages through an Avestin Emulsiflex-C3 emulsifier. RNAP was purified using a three-column procedure described previously using Ni-NTA, heparin, and HiQ anion-exchange chromatography (52) . RNAP fractions were concentrated using Millipore 10,000-molecularweight cutoff centrifugal filter units, dialyzed in 10 mM Tris-HCl (pH 7.8)-10 mM MgCl 2 -0.1 mM EDTA-50% glycerol, and then stored at Ϫ20°C.
Electrophoretic mobility shift assay. Reaction mixtures were assembled that contained various concentrations of RNAP plus substrate promoter DNA, with or without added SpxA1 or SpxA2-C-His 6 protein. The reactions were conducted in 45 mM Tris-HCl (pH 8.0), 4 mM MgCl 2 , 70 mM KCl, 10% glycerol, and either no reductant or 0.25 or 2.5 mM DTT. Reaction mixtures contained RNAP in increasing concentrations from 15.8 to 31.5 to 47.3 nM. SpxA1 or SpxA2 was added to 600 nM, and BSA at 600 nM was added to reactions as a control in place of Spx protein. The reaction mixtures were incubated at 25°C for 30 min. Reaction mixtures (without dye) were applied to a 5% polyacrylamide-10% glycerol gel in TBE buffer (89 mM Tris base, 89 mM boric acid, 2 mM EDTA). Electrophoresis was conducted at 137 V. Gels were stained with SBYR green, and DNA was visualized using a Bio-Rad XRϩ gel doc system with Image lab software. The intensity of the EMSA bands, free DNA, and protein-bound DNA were quantitated using ImageJ software. The lanes of reactions with equal Spx, RNAP, and DNA concentrations were selected for quantitation of the band intensities. The ratio of bound and free DNA, or the affinity index (Ai), was used as a measure of RNAP affinity for promoter DNA according to the following equation: Ai ϭ I BDNA /(I BDNA ϩI FDNA ) ϫ 100, where I BDNA is the band intensity of bound DNA detected in the native gel and I FDNA is the intensity of the band of free DNA fragment. The ratio of the Ai determined from reaction mixtures containing Spx protein to the Ai of reaction mixtures containing BSA (Ai Spx /Ai BSA ) was used to measure the contribution of Spx in the interaction of RNAP with promoter DNA in the presence of low and high concentrations of DTT.
RESULTS
SpxA1 and SpxA2 are required for optimal spxA2 induction. The promoter for the B. anthracis spxA2 gene resides between the divergently oriented BA3457 coding sequence and the coding sequence of the spxA2 gene, which is the first gene of a four-gene operon (Fig. 1) . Previous studies provided evidence that the operon was activated by thiol stress, as indicated by the induction of spxA2 transcription in response to the thiol-specific oxidant diamide (40, 41) . The diamide-induced production of spxA2 transcript was examined in the spxA1 and spxA2 deletion mutants of B. anthracis. spxA2-lacZ constructs were introduced into B. anthracis by conjugation (48) using the B. subtilis ICEBs1::spxA2-lacZ strains as a donor. The B. anthracis Sterne 7702 strain and its spxA1 and spxA2 deletion mutant derivatives contain the ICEBs1::spxA2-lacZ variants that bear the upstream sequence to positions Ϫ247 or Ϫ49 with respect to the spxA2 transcriptional start site, which were used to determine approximately the regions necessary for optimal spxA2 transcriptional activation. The spxA2-lacZ transcript levels were measured by qPCR using primers specific for the reporter lacZ sequence (Fig. 1) . Diamide treatment resulted in a 42-fold increase in spxA2(Ϫ247)-lacZ transcript levels compared to the untreated control. This induced level of transcript was reduced nearly 2-fold when the region between positions Ϫ247 and Ϫ49 was deleted. Table S1 in the supplemental material). The schematic at the top depicts the genomic spxA2 locus, along with the divergent upstream BA3457 (strain Ames annotation) and downstream saiR open reading frame, and shows the approximate locations of the promoter truncations (Ϫ247/ϩ268, black; Ϫ49/ϩ268, gray) used in the qPCR assay. The SaiR binding regions (striped rectangles) necessary for full repression of spxA2 and the spxA2 transcription start site (TSS; dashed arrow with ϩ1) are shown for reference. qPCR primers that anneal to the 5= region of lacZ were used to determine spxA2-lacZ transcript amount in the presence or absence of spxA1 or spxA2. Three biological replicates were assayed for each strain containing either full or truncated spxA2 promoter regions. au, arbitrary units. Error bars indicate the standard errors of the mean. Statistical analyses (two-tailed t tests) were performed using the Ϫ49/ϩ268 truncation mean and standard deviation compared to the mean and standard deviation of the wild-type Ϫ247/ϩ268 construct, both in the presence of diamide (***, P Ͻ 0.001).
Deletion of the spxA1 or spxA2 gene in B. anthracis Sterne resulted in a dramatic reduction in spxA2-lacZ transcript levels, indicating that both are required for maximum spxA2 transcriptional induction during thiol stress. No difference in transcript levels between the Ϫ247 and Ϫ49 reporter constructs was discernible in either the spxA1 or the spxA2 deletion mutant. The uninduced levels of spxA2-lacZ transcript were also reduced in the spxA1 and spxA2 mutants (Fig. 1) , indicating a basal level of Spx activity under noninducing conditions.
The absence of SaiR partially overcomes the defect in spxA2 expression in the spxA1 mutant. Previous studies showed that a deletion of the saiR gene suppressed an spxA1-null mutation for H 2 O 2 sensitivity and growth under low-methionine conditions (41) . Elevated spxA2 expression in the spxA1 saiR mutant was also observed. To determine whether the heightened expression of spxA2 in the saiR spxA1 strain was dependent on spxA2, the expression of an ICEBs1::spxA2-lacZ fusion in spx and saiR mutant strains was examined. The fusion contains the spxA2 promoter and 247 bp upstream from the transcription start site. Cultures were grown in 2ϫYT with 75 g/ml spectinomycin, and samples were collected at 1-h intervals. Very little spxA2-directed ␤-galactosidase activity was observed in the WT strain, whereas derepression was observed in the saiR-null mutant ( Fig. 2 ; see also Table S4 in the supplemental material). The spxA1 spxA2-lacZ strain produced a level of ␤-galactosidase activity similar to that of the wildtype parent. Introduction of the saiR mutation into the spxA1 spxA2-lacZ strain resulted in derepression, but not to the level observed in the saiR mutant ( Fig. 2 ; see also Table S4 in the supplemental material). The expression observed in the saiR spxA1 spxA2-lacZ strain is abolished by introduction of the spxA2-null mutation (Ͻ0. 1 Miller unit) . The results, together with those of Fig. 1 , suggest that SpxA1 serves two purposes. First, it contributes to the transcriptional activation of spxA2. Second, it appears to function in the inactivation of SaiR, since derepression during thiol stress requires SpxA1 and a reversal of SaiR repression. The result also indicates that maximum expression of spxA2 in the saiR mutant requires the SpxA2 protein.
SpxA1 and SpxA2 activate transcription from the spxA2 promoter. To define the regulatory region required for optimal spxA2 transcription, mutant versions of spxA2-lacZ with segments upstream of the core promoter removed were introduced by ICEBs1-mediated conjugation into the B. anthracis 7702 saiR mutant. The saiR mutation results in a higher level spxA2 expression in the absence of inducing stress (41) . The ␤-galactosidase activity was assayed from samples collected from LB cultures of fusion-bearing B. anthracis strains over the log phase and into the stationary phase of growth (Fig. 3) . The level of spxA2-lacZ expression increased as the cultures entered stationary phase, with the Ϫ247 deletion derivative having the highest activity. An ϳ2-fold decrease in activity was observed when a larger deletion to Ϫ61 was created. Further deletion to Ϫ49 had no additional effect, but deletion to Ϫ37 reduced the activity to approximately one-third of the Ϫ247 spxA2-lacZ construct. The difference between Ϫ247 and Ϫ61/Ϫ49 is clear in the stationary phase, suggesting that a region of control residing upstream of Ϫ61 functions late in the growth curve.
SpxA1-and SpxA2-dependent activation of spxA2 transcription was reconstructed in B. subtilis by expressing the IPTG-inducible mutant B. anthracis spx alleles spxA1 DD and spxA2 DD (40) , encoding protease-resistant products. This was undertaken to obtain higher levels of ␤-galactosidase activity so as to better discern differences in promoter activity among the spxA2 promoter deletion derivatives and promoter preferences of the two Spx paralogs. Strains of B. subtilis ORB3834 (see Table S1 in the supplemental material) bearing an spxA2-lacZ fusion or promoter deletion de- Cultures were grown in 2ϫYT with 75 g/ml spectinomycin, and 1-ml samples were collected at hourly intervals. The strains tested were ORB8786 (WT), ORB8798 (saiR) ORB8847 (spxA1), ORB8867(spxA1 saiR), and ORB8875 (spxA1 spxA2 saiR).
FIG 3 ␤-Galactosidase activity assays in B. anthracis Sterne identify the promoter regions necessary for full spxA2 expression. Exponentially growing B. anthracis
Sterne ⌬saiR cultures harboring various spxA2 promoter truncations or the full-length spxA2 promoter transcriptionally fused to a lacZ reporter (Ϫ247) were assayed for ␤-galactosidase activity (see Materials and Methods and Table S1 in the supplemental material). Three biological replicates of each strain were assayed during exponential growth and into the early stationary phase in LB medium. Time zero is the transition to stationary phase. Error bars indicate the standard deviations. Statistical analyses (two-tailed t test) comparing the truncation to the full-length promoter region (Ϫ247/ϩ268) at the same time point were performed (***, P Ͻ 0.01; **, P Ͻ 0.05).
rivatives were transformed with plasmid DNA carrying Phyperspank (hps)-spx constructs that direct recombination/integration with the amyE locus (40) . The resulting fusion-bearing amyE:: Phps-spxA1 DD and amyE::Phps-spxA2 DD strains were grown in LB medium with IPTG added at the mid-log phase. The alleles encoding the protease-resistant forms of Spx were used in the experiments to mimic the stress-induced situation when Spx becomes abundant (22) .
In separate experiments, both SpxA1 DD and SpxA2 DD were found to activate spxA2-lacZ expression when production was induced by IPTG addition (Fig. 4) . SpxA1 activity was stimulated by the upstream region between positions Ϫ61 and Ϫ100. The Ϫ61 derivative showed an ϳ30% reduced activity compared to the Ϫ100, Ϫ85, and Ϫ70 spxA2-lacZ constructs in the SpxA1-producing cells. SpxA1-dependent activity was observed in strains bearing the Ϫ50 promoter-lacZ fusion (Fig. 4A) , although it was ϳ2-fold lower than with the Ϫ100 mutant. Unlike SpxA1, SpxA2 activity had a reduced requirement for the sequences upstream of Ϫ61, since there were few differences between the activities of the Ϫ85, Ϫ70, and Ϫ61 spxA2-lacZ derivatives. The Ϫ50 spxA2-lacZ showed significantly lower expression but, like SpxA1, still required SpxA2 for activation (Fig. 4B) . Interestingly, the Ϫ90 spxA2-lacZ showed a significant increase compared to Ϫ100 spxA2-lacZ at 1.5 h after induction, and the elevated expression was reduced when a further 5 bp was deleted to Ϫ85. The results suggest that SpxA1/RNAP and SpxA2/RNAP have different target sequence preferences that might explain the differences in the compositions of their respective regulons (40) .
Previous studies of B. subtilis Spx showed that the likely target of Spx-promoter interaction is the AGCA motif, which is usually centered around position Ϫ43 with respect to the start site of Spx-activated transcription (10, 30, 31) . No sequence upstream of the spxA2 promoter in the region between positions Ϫ50 and Ϫ35 was detected that resembled an Spx targeted cis-acting element, although an AGCA was detected between positions Ϫ100 and Ϫ90. We first sought to determine whether both SpxA1 and SpxA2 could directly activate transcription in vitro from the spxA2 promoter and deletion mutant derivatives in reaction mixtures containing purified B. anthracis RNAP. The SpxA1 protein was generated in native form using an intein fusion expression system, but the SpxA2 protein was produced by expressing a C-terminal His 6 -tagged version that was insoluble but rendered soluble by treatment with 6 M guanidine-HCl and renatured on-column when immobilized by Ni-NTA (see Materials and Methods). SpxA2 showed higher activity than SpxA1, with SpxA1 having significant transcription-stimulating activity with promoter regulatory region extending beyond position Ϫ61 (Fig. 5) . However, increasing the SpxA1 concentration 2-fold resulted in strong Spx-dependent stimulation of transcription when the Ϫ70, Ϫ61, and Ϫ50 deletion promoter mutants were used as the template in in vitro transcription (IVT) reactions (see Fig. S1 in the supplemental material). SpxA2 showed significant transcriptional stimulating activity with promoter regions to Ϫ61 (Fig. 5) . As with the in vivo results, reduced activity was observed with truncation of promoter DNA to position Ϫ50 (Fig. 5 ) in reaction mixtures containing either SpxA1 or SpxA2 (Fig. 5 and see Fig. S2 in the supplemental material), although with longer incubation to 10 min, SpxA1 and SpxA2 are shown to stimulate transcription from the Ϫ50 PspxA2 deletion template (see Fig. S2 in the supplemental material). When the ratios of transcript band intensities of reactions with or without added SpxA1/SpxA2 were measured (see Table S5 in the supplemental material), stimulation of transcript synthesis was generally stronger in reaction mixtures containing the Ϫ100 PspxA2 template compared to transcription from the Ϫ50 PspxA2 DNA, although there was considerable variation in the level of transcript measured in the Ϫ50 PspxA2 reactions due to the lower activity of the shortened template DNA. In sharp contrast to the previously reported results of B. subtilis Spx activity in IVT reaction mixtures containing B. subtilis RNAP, which showed the requirement for the Ϫ43 AGCA element (10, 30, 31) , no such element is found in the region between positions Ϫ35 and Ϫ50 in PspxA2. Removal of the upstream AGCA motif by deletion to Ϫ90 did not affect transcription activated in vitro by either SpxA1 or SpxA2.
The region between positions Ϫ50 and Ϫ37 was subject to site-directed point mutagenesis to uncover possible cis-acting elements required for Spx-activated transcription in B. subtilis. Expression of spxA2-lacZ fusion constructs integrated at the thrC locus of B. subtilis was examined in cells producing either SpxA1 DD or SpxA2 DD (Fig. 6) . A region between positions Ϫ47 and Ϫ41 is the site of nucleotide substitutions that reduced spxA2-lacZ expression in both SpxA2 DD -and SpxA1 DD -producing cells. However, substitutions from Ϫ40 to Ϫ38 (Fig. 6 ) affect SpxA2-activated transcription, with each mutation independently reducing spxA2-lacZ expression by 40 to 50%. A mutation that changes all three nucleotides (Fig. 6 ) at positions Ϫ41 to Ϫ39 from AAC to CGG significantly increased transcription of spxA2-lacZ roughly 2-fold. Together, these data provide further evidence that SpxA2 and SpxA1 have distinct promoter recognition properties, which differ from those of B. subtilis Spx.
EMSA demonstrates redox-sensitive enhancement of RNAP affinity for promoter DNA by SpxA1 and SpxA2. That both SpxA1 and SpxA2 directed RNAP to interact with the spxA2 promoter region was confirmed by electrophoretic mobility shift assay (EMSA). The EMSA reaction mixtures contained increasing concentrations of B. anthracis RNAP and either SpxA1, SpxA2-His 6 , or BSA. The fragment from Ϫ100 to ϩ179 of the spxA2 promoter region was added as a binding substrate to each reaction. Reaction mixtures were applied to a 5% native polyacrylamide gel for the electrophoretic resolution of protein-bound DNA. As observed in previously reported studies of B. subtilis Spx (27, 30) , SpxA1 and SpxA2 showed no DNA-binding activity indicated by the absence of a DNA bandshift in the SBYR green-stained gel (Fig. 7A, lane 1, and B, lane 1) . The EMSA results indicate that SpxA1 and SpxA2 enhanced the affinity of RNAP for the Ϫ100 spxA2 promoter fragment compared to the BSA in the control reactions ( Fig. 7A and B) . Removal of the AGCA motif by using the Ϫ90 promoter fragment did not affect the SpxA1-enhanced affinity of RNAP for promoter DNA (see Fig.  S3 in the supplemental material). The control substrate DNA was the 179-bp ϩ 1 (transcription start site) spxA2 fragment, which showed no affinity for RNAP with or without SpxA1 or SpxA2 (Fig. 7C ).
SpxA1 and SpxA2 activity was tested for sensitivity to reductant as an indication of redox control, as has been shown for the B. subtilis Spx protein (27) . Using the Ϫ100 spxA2 fragment as binding substrate, EMSA reactions were assembled that contained SpxA1 or SpxA2 protein, B. anthracis RNAP, and either 0.25 mM DTT or 2.5 mM DTT. As shown in Fig. 8 , the addition of DTT to 2.5 mM to either the SpxA1 or the SpxA2 EMSA reaction reduced the Spx-enhanced RNAP affinity for spxA2 promoter DNA compared to the reaction mixtures containing 0.25 mM DTT. This was quantified using the affinity index (Ai) values as described in Materials and Methods. The Ai Spx /Ai BSA value was 2.6 Ϯ 0.86 in reaction mixtures containing SpxA1 in low DTT reactions but 0.51 Ϯ 0.11 in reaction mixtures containing 10-fold-higher concentrations of DTT. In reaction mixtures containing SpxA2 the Ai Spx /Ai BSA value was 5.1 Ϯ 1.2 in reactions with low reductant but was 0.36 Ϯ 0.02 in the presence of 10-fold-higher levels of DTT. Interestingly, RNAP interaction with the spxA2 promoter DNA functions in spxA2 activation by SpxA1 or SpxA2 and is depicted at the top. A region of the spxA2 promoter (Ϫ50/ϩ268 relative to the spxA2 transcription start) was transcriptionally fused to the lacZ reporter construct and assayed for ␤-galactosidase activity in B. subtilis relative to the same construct containing one of the listed point mutations between positions Ϫ50 and Ϫ37 (see Table S1 in the supplemental material for the strain labels). The schematic at the top represents the sequence of spxA2 promoter region from the ϩ1A TSS [P(ϩ1A)] through around base Ϫ150 upstream (Ϫ150). The primers used to construct the 5= promoter truncations are bracketed with arrows underneath that indicate 5= end of the oligonucleotide within the schematic. The 5= promoter deletions showing some loss of transcriptional activation are depicted by dashed arrows. Additional elements within the schematic are defined as follows. The circled sequence is a possible spx activation cis-AGCA element; the bold, underlined sequence indicates the Ϫ35 and Ϫ10 regions. The shaded areas encompass one of the SaiR binding regions. B. subtilis ORB3834 harboring 5= deletions of the spxA2 promoter transcriptionally fused to a lacZ reporter were assayed for ␤-galactosidase activity (see Materials and Methods and Table S1 in the supplemental material). At least three biological replicates of each strain were assayed during exponential growth. Error bars indicate the standard deviations. Statistical analyses (two-tailed t test) comparing the truncation to the full-length promoter region (Ϫ100/ϩ31) at the same time point were performed (***, P Ͻ 0.0001; **, P Ͻ 0.001; *, P Ͻ 0.01). (B) B. subtilis ORB3834 harboring 5= deletions of the spxA2 promoter transcriptionally fused to a lacZ reporter were assayed for ␤-galactosidase activity (see Materials and Methods and Table S1 in the supplemental material). At least three biological replicates of each strain were assayed during exponential growth. Error bars indicate the standard deviations. Statistical analyses (two-tailed t test) comparing the truncation to the full-length promoter region (Ϫ100/ϩ31) at the same time point were performed (***, P Ͻ 0.0001; **, P Ͻ 0.001; *, P Ͻ 0.01).
in the absence of Spx protein was enhanced in the higher DTT concentration, but SpxA1 or SpxA2 interaction negatively impacted RNAP-promoter contact in the reaction mixtures containing the elevated concentration of DTT (Fig. 8A , lanes 7 and 8; Fig. 8B, lanes 7 and 8) . (8, 12) , whereas the two paralogous spx genes of S. pneumoniae are essential (14) .
DISCUSSION

Strains of the
A major form of control that governs Spx protein levels in B. subtilis is exerted by the protein YjbH (22, 56) , orthologs of which are found in the B. cereus group but not in streptococci. YjbH becomes unstable under conditions of proteotoxic stress and precipitates with protein aggregates that accumulate in stressed cells (22) . This reduces the rate of Spx proteolysis mediated by YjbH and catalyzed by the ATP-dependent protease, ClpXP. In B. anthracis, SpxA1 protein accumulates in diamide-treated cells, although spxA1 transcript levels are not affected (40) . Presumably, 
FIG 6
Sequence between positions Ϫ50 and Ϫ37 functions in spxA2 activation by SpxA1 or SpxA2. A region of the spxA2 promoter (Ϫ50/ϩ268 relative to the spxA2 transcription start) was transcriptionally fused to the lacZ reporter construct and assayed for the ␤-galactosidase activity in B. subtilis relative to the same construct containing one of the listed point mutations between positions Ϫ50 and Ϫ37 (see Table S1 in the supplemental material for the strain labels). The schematic at the top represents the sequence of spxA2 promoter region from the ϩ1A TSS [P(ϩ1A)] through around base Ϫ150 upstream (Ϫ150). The primers used to construct the 5= promoter truncations are bracketed with arrows underneath that indicate 5= ends of the oligonucleotide within the schematic. The 5= promoter deletions showing some loss of transcriptional activation are indicated by dashed arrows. Additional elements within the schematic are also indicated as follows. The circled sequence is a possible spx activation cis AGCA element. The bold, underlined sequence indicates the Ϫ35 and Ϫ10 regions. The shaded areas encompass one of the SaiR binding regions. The data are the ratio of the induced to the uninduced ␤-galactosidase activity. At least three biological replicates were assayed for each mutant construct, and the normalized values are relative to the wild-type construct assayed on the same day. The standard deviation for each mutant was Յ26% of the value reported. Statistical analyses (two-tailed t tests) were performed using the mutant mean and standard deviation compared to the mean and standard deviation of the wild-type construct (**, P Ͻ 0.0001; *, P Ͻ 0.01). Nucleotide substitutions that caused significantly reduced activity are in square brackets, mutant labels whose mutation caused significantly reduced activity with only one Spx paralog are in braces, and mutant labels whose mutation caused significantly increased activity are in angle brackets. Point mutations are capitalized/underlined. Position Ϫ35 is indicated in boldface.
the increase in SpxA1 concentration is the result of reduced YjbH/ ClpXP-dependent proteolysis. SpxA2 concentrations also increase in diamide-treated cells, and this is due in part to the elevation in transcript levels demonstrated previously (40) and in the present study.
The spxA2 gene resides in a four-gene operon that includes the gene that encodes the negative regulator of spxA2 transcription, SaiR (41) . The two other genes BA3455 and BA3454 encode small proteins that are homologous to each other, but whose functions are not known. The promoter region of the major transcriptional start site of spxA2 resembles those recognized by the A form of RNAP, with the start site of transcription located 223 bp from the ATG start codon (41) . Previous studies of Spx in B. subtilis uncovered the importance of an AGCA motif centered at approximately position Ϫ44 of Spx-controlled promoters as a possible cis-acting element (30, 31) , which was supported by genomewide Spx-DNA binding studies (10) and by nucleotide-specific protein-DNA cross-linking studies (37) . The spxA2 promoter region does not possess the AGCA element in the vicinity of the Ϫ35 core promoter element. However, between positions Ϫ100 and Ϫ90 is an AGCA motif, which could serve as a docking site for Spx/RNAP. Deletion of the segment from positions Ϫ100 to Ϫ90 resulted in a sharp increase in spxA2-lacZ in B. subtilis when SpxA2 was produced. It is possible that the element misplaces the SpxA2/RNAP complex, preventing it from engaging the spxA2 promoter region. This mechanism of spxA2 control would seem to operate only in vivo, because there is little effect of deleting the 10-bp interval between positions Ϫ100 and Ϫ90 on SpxA1-or SpxA2-directed transcription in vitro or in RNAP-DNA interaction in EMSA reaction mixtures containing Spx (see Fig. S2 in the supplemental material).
The present study provides evidence that SpxA1 and SpxA2 stimulate transcription from the spxA2 promoter and that both proteins enhance the affinity of RNAP for spxA2 promoter DNA in an oxidized environment. We presume that there are sequences within the region spanning the Ϫ100 to Ϫ37 nucleotide positions that the proteins contact when they are bound to RNAP. Studies of spxA2-lacZ in B. subtilis expressing either SpxA1 or SpxA2 indicate that SpxA1 requires DNA from positions Ϫ61 to Ϫ100 for optimal activity, unlike SpxA2, which shows little change in activity when the region between positions Ϫ100 and Ϫ61 is deleted (although there is a region near position Ϫ85 that preferentially stimulates SpxA2 activity at the spxA2 promoter [ Fig. 5B]) . In vitro transcription supports this conclusion, since SpxA1 does not stimulate significantly transcription from the Ϫ61 promoter template, unlike an equal concentration of SpxA2. However, these experiments were conducted with protein purified by two different procedures; SpxA2 bears a C-terminal His 6 tag and had to be denatured and renatured into a soluble form, whereas SpxA1 was produced in native form by using intein cleavable, chitin binding domain fusion for purification. The differences in the resulting purified products could affect the in vitro behavior of the proteins.
The spxA2-lacZ activity when the Ϫ50 construct is tested in B. subtilis indicates that both proteins can utilize the Ϫ50 to Ϫ37 sequence to stimulate transcription in vivo, but base substitutions at positions Ϫ40 and Ϫ38 seem to specifically and negatively affect SpxA2-dependent activation of spxA2. Base substitutions in a region encompassing positions Ϫ47 to Ϫ41 (AAGACTT) negatively impact transcription activated by both proteins in the B. subtilis system. Another unexpected result is the stimulation of (Ϫ50)spxA2-lacZ construct expression in B. subtilis when a threenucleotide substitution, CGG from positions Ϫ40 to Ϫ38, was created. At present, we do not know how this substitution results in elevated spxA2-lacZ transcript levels, but the increased expression is Spx protein dependent and might further reflect promoter DNA recognition properties distinct from B. subtilis Spx, which recognizes the aforementioned AGCA motif centered at position Ϫ44 (10, 30).
We do not know at this point how the region between positions Ϫ100 and Ϫ35 is utilized by Spx to stimulate transcription, whether the Spx proteins contact the nucleotides directly or alter the RNAP subunit positioning to maximize RNAP-upstream sequence interaction. The leader and regulatory region of spxA2 are promoter DNA. Images of 5% polyacrylamide-10% glycerol gels to which EMSA reactions were applied are shown. DNA bands were visualized by SBYR green staining. Reaction mixtures contained SpxA1, SpxA2, or BSA protein with RNAP and DNA from positions Ϫ100 to ϩ174 of the spxA2 gene. The composition of the reaction mixtures is given in detail in Materials and Methods. Reaction mixtures contained no reductant (DTT). Lanes 2, 3, 4, 6, 7, and 8 contain increasing concentrations of RNAP. (C) Control DNA is the ϩ1 deletion variant of the spxA2 promoter region containing DNA from transcription start site to ϩ174.
highly conserved in the B. cereus group, with only a base substitution at position Ϫ78 detected in B. cereus and B. thuringiensis. Hence, we conclude that a very similar transcriptional control mechanism involving SpxA1 and SpxA2 governs spxA2 transcription in these species.
The data presented here show that optimal spxA2 transcriptional induction upon stress requires both SpxA1 and SpxA2. Previous studies showed that stress induction of spxA2 does not require SpxA1 when saiR is deleted (41) . Our work shows that the saiR mutation partially relieves the requirement for SpxA1 for spxA2-lacZ expression in B. anthracis (Fig. 2) . We propose that SpxA1 functions in the inactivation of SaiR during oxidative stress, perhaps by activating the transcription of a gene specifying an inducer that functions in reversing SaiR-dependent repression. SpxA1 in its oxidized form at high concentration would function in stimulating the expression of such an inducer. SpxA1 also participates in the activation of spxA2, since it is required for the optimal expression of spxA2-lacZ in the saiR background.
The data provide an explanation for how spxA2 might be upregulated in the infected macrophage (Fig. 9) . The oxidized environment of the phagosome results in an increase in SpxA1 concentration and SpxA1-dependent inactivation of SaiR, leading to the transcription of spxA2, the production of the SpxA2 protein, and positive autoregulation. Positive feedback control is an efficient regulatory switch because it promotes the production of a spxA2 is derepressed under oxidative stress due in part to an SpxA1-dependent activity, leading to an elevated concentration of active/oxidized SpxA2, which further stimulates transcription initiation at the spxA2 promoter. regulatory factor in its active form (57) . The oxidized environment would also cause oxidation of SpxA1 and SpxA2 protein to their disulfide states. Indeed, the data presented herein show that Spx-enhanced RNAP affinity for the spxA2 promoter DNA requires an oxidized environment, in keeping with the redox control that activates Spx shown in previous work (27) . Further work is needed to determine why an extended regulatory region is required for optimal Spx-dependent spxA2 transcription, which sequence elements function in Spx-controlled spxA2 transcription, and what are the specific sequence recognition properties of SpxA1 and SpxA2. Such findings will shed light on the purpose behind the production of paralogous Spx proteins in Gram-positive bacteria.
